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H0
„n53,4… Stark states produced in the interaction of 800-MeV H2 ions with thin foils
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The interaction of 800-MeV H2 ions with a thin foil produces protons, the ground state and excited states of
neutral H0 atoms, and unstripped H2 ions. We investigated the distributions of individual H0 Stark states within
the n53 and 4 levels produced by C and Al2O3 foil stripping of H2 ions. Foils of various thicknesses were
placed upstream of a magnet with a linearly increasing transverse field along the beam direction producing a
motional electric field strong enough to ionize H0 states withn>3. We consider three questions:~i! What are
the populations of individual H0 Stark states produced in the interaction of 800-MeV H2 ions with thin C and
Al2O3 foils, ~ii ! how do the relative population distributions change with foil thickness, and~iii ! how is the
population distribution produced in an Al2O3 foil modified when the foil is placed in a magnetic field? A
simple qualitative model is presented to explain the major trends.@S1050-2947~98!02212-4#

PACS number~s!: 34.50.Fa, 33.55.Be, 41.20.2q, 41.75.Cn
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I. INTRODUCTION

The passage of an ion beam through a thin foil is
interesting example of an ion-solid interaction having bo
theoretical and practical implications. A classical transp
theory employing a Monte Carlo solution to a microscop
Langevin equation to describe the multiple scattering ins
the foil @1# was extended to the relativistic regime by Gerv
et al. @2#. This theory was compared with recent experime
tal data of Gulleyet al. @3#, of which the present work is an
extension, and agreement was found. The theory was de
oped to predict the single- and double-electron detachm
from the H2 ion and also the evolution of excited H0 states,
described by the principal quantum numbern, as a function
of foil thickness. Recently, Ku¨rpick et al. extended the the
oretical investigations in@2# to include the production o
individual H0 Stark states produced in the interactions
high-energy H2 ions with thin foils @4#.

An important application for this work is in accelerat
physics where foils are commonly used to strip an elect
from H2 to produce H0, which may be further stripped to
bare proton for injection into a proton storage ring. Some0

Stark states, created in the foil, field ionize in the motio
electric field produced by downstream bending magnets.
protons derived from these field-ionized states pose probl
for injection into proton storage rings, such as the Los A
mos Meson Physics Facility~LAMPF! Proton Storage Ring
~PSR!, since their trajectories may be outside the accepta
of the ring, causing first-turn losses and activation of be
line components@5,6#. Furthermore, the radiation levels pro
duced by the errant particles colliding with the walls c
seriously limit currents. The relative abundances of in

*Permanent address: Physical Sciences Incorporated, 20 New
gland Business Center, Andover, MA 01810.
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vidual Stark states produced in the interaction of relativis
H2 ions with thin foils have never been measured. Within
given n level there are significant differences in lifetime
against field ionization in the rest frame electric field. T
calculate accurately the first-turn injection losses into
PSR, the relative abundances of the individual Stark sta
within the relevantn levels must be determined.

We use field stripping, a source of difficulty for injectio
into storage rings, as a tool for measuring Stark state po
lations in motional electric fields. In this work there are thr
principal questions we wish to answer. First, what are
populations of individual H0 Stark states produced in th
interaction of 800-MeV H2 ions with thin C and Al2O3 foils?
Second, do the relative population distributions change w
foil thickness? Finally, does the population distributio
change when a magnetic field is imposed on an Al2O3 foil?

Most of the work in atom beam-foil interactions has be
done at beam energies lower than the 800 MeV used in
measurement. Electronic excited-state populations produ
in beam-foil interactions exhibit a nonexponential decay l
@7# imposed by cascades from highly excited atoms. Sub
quent calculations account for the effects of the cascades
predict that fast ions emerging from the solid appear
high-l Rydberg states@8,9#. Unlike the ion-solid interaction,
binary ion-atom collisions at similar high velocities popula
mainly low-l states@10#. A classical transport theory by
Kemmler, Burgdo¨rfer, and Reinhold to explain the passa
of O21 ~2-MeV/nucleon! through carbon foils@10# has been
successfully applied to the experimental data of Yamaz
et al. @11#, where~1.5–5!-MeV carbon ions traversed carbo
foils and He gas. The high-l distribution in then55 shell of
carbon was satisfactorily explained by the theory
Kemmler, Burgdo¨rfer, and Reinhold. This theory predict
that the high-l states are preferentially produced in ion-so
collisions due to the stochastic scattering of the highly
cited electrons in the solid@10#.

This work is a continuation of an earlier study@12,13# to
n-
4526 © 1998 The American Physical Society
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FIG. 1. Normalized charge density of the parabolic stateun54, n153, n250, m50&. The field points are along thex axis. The charge
plotted is 2pr times the charge per unit volume. The dipole moment is 18 a.u.
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determine the nature of the interaction of relativistic H2

beams with thin foils. Preliminary results of this work, do
at the High Resolution Atomic Beam Facility~HIRAB! at
the LAMPF, have been presented elsewhere@14#. The popu-
lations within a givenn level for carbon foil thicknesse
ranging from 9 to 553mg/cm2 were reported by Gulleyet al.
@3#, along with a theory by Gervaiset al. @2#, which was
shown to be in agreement with the experimental results.
results reported here concern the population fractions of
individual Stark states within then53 and 4 levels.

II. THEORY

The interactions of a relativistic H2 ion beam traversing a
thin foil include inelastic and elastic scattering, single- a
double-electron detachment from H2, and the production
and evolution of excited H0 states in the foil. The model tha
predicts populations distributions within a givenn level @2#
treats the H2 ion-foil interaction as a series of incohere
collisions and at present cannot predict Stark state distr
tions and thus may not be entirely appropriate. The ti
between collisions of an 800-MeV H0 atom with 2.2-Å-
spaced foil atoms is 4.7310219 s in the ion rest frame
about 300 times shorter than the atomic unit of tim
1.37310216 s. Since the periodtn of an electron in a Bohr
orbit scales asn3 @16#, an electron in a H0(n53,4) atom
traversing a foil could be bombarded many times in a sin
orbital period.

Field ionization is used to determine the populations of0

Stark states produced in the foil. A uniform electric fie
partially removes the degeneracy of hydrogenic states, w
the degeneracy inm remaining. Arbitrarily weak fields trans
form stationary states into narrow quasistationary band
the continuum into which an electron may tunnel. Each
ergy level is characterized by its widthG5\/t, which in-
creases with the field intensity and is inversely proportio
to its lifetime t. The Schro¨dinger equation for an electro
e
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d

u-
e

e

th
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-

l

subject to a Coulomb potential2Ze2/r may be uncoupled
into two ordinary differential equations using parabolic c
ordinates~j,h,f! defined in@15#. This uncoupling also holds
when a homogeneous external electric fieldF in the z direc-
tion is present. The solutions of the Schro¨dinger equation
may be described in terms of the parabolic quantum numb
n, n1 , n2 , andm, which are related by

n5n11n21umu11, ~1!

wheren is the principal quantum number,m is the magnetic
quantum number, andn1 and n2 are non-negative. The so
called electric quantum numberk[n12n2 is also commonly
used and will be mentioned below. The parabolic state wa

FIG. 2. Stark energies of H0 Stark states in then54 level versus
the rest frame electric field based on the ‘‘modified’’ Dambur
Kolosov fifth-order perturbation theory. The maximum field show
for each state is the approximate field value by which the state
decayed due to field ionization to only 0.1% of its original popul
tion.
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4528 PRA 58P. B. KEATING et al.
functions are azimuthally symmetric about the field dire
tion. The charge densities of the parabolic coordinate w
functions, unlike their spherical state counterparts, have
manent electric dipole momentsd along the field directionz.
States with highuku have the highest magnitude ofd. Whenk
is positive~negative! the dipole moment is along the positiv

FIG. 3. Rest-frame lifetimes against field ionization of H0 Stark
states in then54 level versus the rest frame electric field based
the modified Damburg-Kolosov fifth-order perturbation theory. T
lifetimes shown are in the range 1026– 10213 s.
-
e
r-

~negative! field direction. Figure 1 shows the normalize
~unit volume under the surface! charge density of state
un54, n153, n250, m50& as an example. The charge de
sity is the absolute magnitude of the squared wave func
times 2pr, wherer is the perpendicular distance from th
quantization axis. The moment of the charge density alo
the field direction is 18 a.u.

The lifetimes of individual H0 Stark states against fiel
ionization as a function of electric field were calculat
based on the work of Damburg and Kolosov@16#, whose
perturbation theory extends to fifth order in the fieldF. We
describe later how these predictions were modified. T
Stark energies and lifetimes against field ionization as
function of electric field for then54 level based on a modi
fied Damburg-Kolosov perturbation theory~DKPT! are
shown in Figs. 2 and 3, respectively. The energy splitting
eV between the states with the extreme values ofk within a
level n is approximately

DEn'3F
n~n21!

Z
~5.2931023! eV, ~2!

where the fieldF is expressed in MV/cm.
In this experiment a static laboratory magnetic field ga

rise to a rest frame motional electric field plus a rest fra
magnetic field. Qualitatively, a magnetic field tends to
crease the binding of the electron by forcing the elect

n

two wide

FIG. 4. Diagram showing the possible outcomes of interactions of H2, H0, and H1 with the foil and ‘‘Gypsy’’ magnet. The various

charge states are separated and detected 5.5 m from the peak magnetic field with a scanning scintillator in coincidence with
scintillators. The scanning scintillator travels along thex direction, both magnetic fields point in the negativey direction, and the incident
beam defines thez direction. An aluminum window at the end of the drift tube~not shown! strips all electrons from H0 and H2 so that only
protons are detected. Protons that enter the Gypsy magnet are detected at positiona and protons derived from field-detached H2 and H0

states not field stripped, field-stripped H0 states, and H2 not field detached appear at positionsb, c, d, ande, respectively. PMT denotes
photomultiplier tube.
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closer to the nucleus. The direct effect of magnetic fields
H2 in its singlet ground state is restricted to the nucle
magnetic moment; the effect on atomic hydrogen is 13

larger, but nevertheless is still negligible. We are unaware
a quantitative theory describing the effects of a relativ
weak magnetic field~,1 a.u.! on the electric-field ionization
of H0.

III. EXPERIMENTAL METHOD

The basic idea as shown in Fig. 4 was to send an 8
MeV H2 beam onto a foil and to examine the results. T
excited states of neutral H0 produced in the foil are strippe
in the motional linear-gradient field of a downstream mag
~named ‘‘Gypsy’’! and the resulting distribution of ‘‘daugh
ter’’ protons is dispersed transverse to the incident beam
rection. The field of the Gypsy magnet, which was used
previous studies@3,17#, was oriented perpendicularly to th
incident H2 and increased linearly in strength along t
beam direction. H0 states stripped at various field strengt
according to their lifetimes against field ionization and t
resultant electrons and protons were deflected in the fi
The protons were detected with a scanning scintillator
coincidence with a pair of paddle-shaped scintillators t
covered the entire exit window and whose signals were u
for normalization. From the lifetime calculations and t
known magnetic-field map~Fig. 4!, the trajectories of the
protons derived from the stripped H0 states were calculate
and compared with the experimental data. These experim
were performed under two conditions. Most of our wo
concerned interactions of H2 with a foil in a field-free region
just upstream of the Gypsy magnet. The second set of
perimental conditions were those of the foil-in-the-field~FIF!
experiments. In the FIF experiments, the foil, instead of
siding just upstream of the Gypsy magnet, was placed in
housing of an additional magnet~FIF magnet! 0.6 m up-
stream of the Gypsy foil box. The drift distance allowed t
H0 Stark states produced in the FIF foil to evolve, redistr
uting their populations within the variousm sublevels before
encountering the Gypsy field.

Strong ion rest frame electric fields were produced w
the FIF and Gypsy electromagnets. A laboratory magn
field Blab transforms as a rest frame electric fieldFrest, plus a
rest frame magnetic fieldBrest @18#. The rest frame electric
field is given byFrest5gv3Blab, wherev is the ion’s veloc-
ity in the laboratory frame and the rest frame magnetic fi
is given by Brest5gBlab. The parameterg5T/Mc211,
whereT is the energy of the beam andMc2 is the rest energy
of the H2 ion. For a beam energy of 797 MeV (g51.85), a
1-T laboratory magnetic field results in a rest frame elec
field of 4.67 MV/cm. The typical momentum spread of t
LAMPF H2 beam was estimated to bedp/p;1024 based on
previous experiments@12#. The beam energy was not me
sured directly for these experiments, but a nominal value
79762 MeV was typical for the HIRAB laboratory a
LAMPF. The macropulse rate was 118 Hz and the mac
pulse length was 725ms, with a hybrid structure consistin
of seven repeated patterns of 35 ns of 5-ns spaced m
pulses, followed by 65 ns without micropulses.

The field map and a sketch of the FIF magnet are sho
in Fig. 4. The full width at half maximum~FWHM! of the
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FIF field is about 4 cm along the beam direction. The mag
housing was placed around a rectangular (5310 cm2) beam
pipe upstream of the Gypsy magnet. The Gypsy magnet
half-quadrupole magnet turned 90° from the usual orien
tion of a quadrupole, producing a field that increases linea
with distance along the beam direction. The fields of the t
magnets were parallel and directed downward~taken to be
the y direction!. The peak field was remotely set to a fie
value optimized to strip a particularn level: 1.3 T to sepa-
rate then53 states from the higher-n states and 0.6 T to
separate then54 states from the other higher-n states. The
peak field was monitored with a shunt resistor whose out
voltage was used in the calibration of the magnet. No app
ciable stripping ofn52 or 1 states occurred. About 30% o
state u3200& remained unstripped through the 1.3-T Gyp
field; all other states in then53 level were completely
stripped, as were all states in then54 level in the 0.6-T
field. All states in then55 level were completely stripped in
a 0.29-T field, but the individual Stark states could not
resolved in our experiments.

The foils ~dimensions 2.537.5 cm2! were glued to thin
2.537.5 cm2 aluminum plates having 2-cm-diam circula
holes through their centers. There were two foil boxes: o
near the Gypsy magnet~the Gypsy foil box! and another for
the FIF experiment 0.6 m further upstream. The Gypsy
box had two remotely actuatedU-shaped foil carriers, called
forks, each of which held five foils. The forks were plac
about 5 cm apart along the beam direction. The foils w
remotely positioned in the beam path. The double-fork c
figuration also allowed ‘‘double-foil’’ experiments to be pe
formed. A foil on each fork could be positioned in the bea
path so that the H2 beam could impinge on two foils. The
FIF foil box held a single Al2O3 foil with the fork oriented

FIG. 5. Normalized signal (H2•S1•S2)/(S1•S2) vs detector
positionx plotted on a logarithmic scale. The error bars indicate
standard deviations for each data point. The Gypsy magnet wa
to a peak field of 1.3 T to separate then53 level from those of
higher n. The FIF magnet was set to 0.16 T. The broad feat
peaked near2100 mm is due to field-detached H2, the narrow peak
at x50 is due to unstripped H0, and the broad feature peaked ne
120 mm is due to field-strippedn53 states. The peak due to pro
tons is centered near 240 mm and the shoulder appearing on
lower-x-value side of the H1 peak is due to field ionization of H0

states in levelsn.3.
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4530 PRA 58P. B. KEATING et al.
horizontally. The position of the FIF foil, determined by th
experimental deflection of the H2, H0, and H1 beams, was
near the peak field. The Al2O3 foils were made at the Apple
ton Rutherford Laboratory@19# and the carbon foils were
produced commercially. The foil areal densities~mg/cm2!
were measured usinga ranging@20#. Although both carbon
and Al2O3 foils were used in the Gypsy foil box, only on
foil, an Al2O3 foil of areal density 167mg/cm2, was tested in
the FIF foil box. All foils survived the experiments intact.

A 5-m-long, stainless-steel, rectangular cross-section d
tube was located downstream of the Gypsy magnet. A 0
mm-thick aluminum exit window stripped all electrons fro
the incident H2, H0, and H1 beams as they emerged fro
the drift tube, producing protons that were detected
the scintillator detectors, as described below. For a p
Gypsy field of 1.3 T, the angle between the undeflec
H0(n51,2) peak~maximum! and the peak from protons tha
entered the Gypsy magnet was approximately 40 mrad.

Scintillators downstream of the exit window were used
detect the protons that emerged from the exit window. Sc
tillators were chosen for their linear response for high cou
ing rates and fast readout time when coupled with stand
computer automated measurement and control~CAMAC!
electronics. Two wide scintillators~S1 andS2! in fixed po-
sitions and in temporal coincidence with a 5.8-mm-wi
scanning scintillator (H2) were used obtain the represen
tive spectrum shown in Fig. 5. The scintillatorH2 was ap-
proximately 5.7 m downstream of the beginning of the u
stream ramp of the Gypsy field. The scintillatorsS1 andS2
counted all particles emerging from the exit window a
were used for normalization. The abscissa of the normali
spectrum of Fig. 5, denoted by (H2•S1•S2)/(S1•S2), is
the coincidence rate between the scanning scintillatorH2
with the paddle scintillatorsS1 andS2, divided by the coin-
cidence rate betweenS1 andS2. The coincidence betwee
H2, S1, andS2 discriminated against unwanted backgrou
signals. The scanning scintillatorH2 was mounted on a
translation stage coupled to a drive screw. A stepper m
controlled by a personal computer turned the drive screw
position scintillatorH2. Each data point was taken at fixe
H2 position until theS1 signal reached a set maximum num
ber of counts~about 6.53105!. With the beam parameter
used, the probability of counting two events as a single ev
was below 1024. The scanning scintillator was moved alon
the x direction in equal steps~either 2 or 3 mm for an entire
spectrum! covering the H2 peak through the proton peak
The personal computer also controlled the data acquisi
via interface with CAMAC modules. The HIRAB laborator
beam-line pressure was approximately 1027 torr.

IV. DATA ANALYSIS

A. Calculations of the dP/dx for the H0 Stark states

The stripping probabilities of the H0 Stark states in a
givenn level as a function of field and their probability de
sity distribution function~PDDF! curves along the travel di
rection of the scanning scintillator were computed. Since
cay of an individual Stark state occurs by field ionization a
by spontaneous emission, both loss mechanisms are c
lated and incorporated into the PDDF for each Stark stat
described below.
ift
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The stripping probability calculation was based on
single-ion code. In order to compare the theoretical pred
tions with the experimental data, the finite beam wid
~;1 mm FWHM! and the detector response function we
convolved with the theoretical predictions. The detector
sponse function and the ion beam width were determi
using a multiparameter modified Levenberg-Marquardt
ting algorithm @21# to data obtained in runs taken with
small step size designed to determine the beam profile.
detector was modeled as having a straight-edged resp
with a Gaussian top and both the width of the straight ed
part and the Gaussian width were varied. The ion beam
tensity was assumed to be Gaussian. The two other vari
parameters were an arbitrary normalization factor and a s
parameter that specified the peak of the convolution. T
beam width and the detector response function parame
from the fitting procedure were used later for convolvi
with the theoretical probability distribution functions. Th
detector width determined from the fit was close to the m
sured width of the plastic scintillator material of the scanni
scintillator and the beam width was also close to the wi
measured in previous experiments.

For a givenn level, the data in the region between th
protons derived from unstripped H0 atoms and the protons a
the maximum bend angle resulted from a superposition
n(n11)/2 distinct states~reduced fromn2 states due to the
degeneracy inm! that stripped in the Gypsy field. The DKP
did not take into account effects on the lifetime calculatio
due to magnetic fields~in our casegBlab!. For each state
within a givenn level, the population fractionP as a function
of z and the corresponding PDDF were calculated. T
PDDF curves for then53 and 4 levels shown in Fig. 6 wer
used in a fitting routine to calculate the populations of t
respective states.

The experimental signalSj at detector positionxj can be
written

Sj5(
i

ai

dPi~xj !

dx
, ~3!

wherexj is the detector position,dPi(xj )/dx is the value of
the PDDF of Stark statei at detector positionxj , and$ai% is
a set coefficients. The coefficients$ai% that minimizedx2

were determined using a multiparameter fitting progr
written in theC language based on routines in Ref.@21#.

Although calculating lifetimes of Stark states against fie
ionization using the DKPT is straightforward and produc
reasonable estimates, improved accuracy has been ach
by several other approaches, including those of Damburg
Kolosov @16# and Bergeman@22#. These more complicated
methods of calculating the lifetimes result in higher pre
sion, but the complexity of the computer codes for calcu
tions at the many field values necessary for smooth proba
ity distribution functions nearly prohibits their use. W
combined the computational ease of the DKPT with the
sults of the more accurate Bergeman calculations to ma
modified perturbation theory@which shall hereafter be calle
the Bergeman-modified DKPT~BMDKPT!#. The idea was to
relate the lifetimes from the DKPT~which were calculated a
every field value of the interpolated magnetic field map co
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sisting of 13 000 points! with the results of Bergeman’s ca
culations, which were calculated at a small number of po
~fewer than ten for each state!. For a given state, the width
were calculated using the DKPT at the same field val
used in the Bergeman calculations. The ratio of the width
function of field is given by

R~F !512NF exp~CF1/2!, ~4!

whereF is the field in a.u. andN andC are two parameters
whose values were calculated by minimizingx2. This func-
tional form was chosen since the two calculations sho
agree at the zero-field limit and the curvature of the ratio w
well matched by the function in the region of field strengt
where the states strip. The results do not depend strongly
choice of a functional form forR(F). The population of a
state as a function of field was calculated, as was its der
tive with respect to fieldF, dP/dF. The fit parametersC and
N for each state were calculated using the Bergeman re
only in the field region wheredP/dF was appreciable a
determined by the unmodified DKPT. The widths of seven

FIG. 6. Probability density distribution functions of the H0 Stark
statesunn1n2m& at a beam energy of 797 MeV in the~a! n53 level
through a 1.3-T peak Gypsy field and~b! the n54 level through a
0.6-T peak Gypsy field. The states most resistant to field ioniza
appear at the lower values of the detector positionx. The origin of
the x axis is the undeflected H0 peak. The markers indicate th
scanning scintillator detector positions where experimental d
were taken. The curves without markers are the distribution fu
tions determined from the Damburg-Kolosov fifth-order perturb
tion theory without modification.
ts
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lts
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the tenn54 states were calculated by Bergeman. Estima
of R(F) for the three remaining states were made by av
aging the coefficients of the adjacent states~the order of the
states was in terms of the peaks of theirdP/dF versus
F!. The widths calculated by Bergeman were narrow
than the DKPT widths, but within a factor of 2 in the fiel
region of interest. The widths given by the ‘‘exact’’ calcula
tion of Damburg and Kolosov were also narrower than th
perturbation theory results. The Bergeman results are
close agreement with the exact results of Damburg
Kolosov.

Once the fit coefficients~C,N! of R(F) were determined
for each state, the widths as a function of field were cal
lated by multiplying the widths based on the DKPT,GDKPT ,
by the ratioR(F), giving the widthsGBMDKPT . The prob-
ability density distribution functions along the scanning sc
tillator directiondP/dx versusx were then computed usin
GBMDKPT . Since the lifetimes calculated using the DKPT a
shorter than those found by the BMDKPT for the same fi
strength, the net effect was that thedP/dx versusx curves
shifted toward the unstripped H0 peak and the shapes of th
curves changed slightly, relative to the PDDF curves o
tained using the unmodified DKPT. For the state most re
tant to field ionization in then54 level, u4300&, the peak of
the dP/dx versusx curve moved about 1 mm closer to th
unstripped H0 peak. Smaller shifts were obtained for th
other curves. A comparison of thedP/dx versusx curves
using the DKPT and the BMDKPT widths for the stat
u3200& and u3020& and for the statesu4300& and u4030& are
shown in Figs. 6~a! and 6~b!, respectively.

Two sets of fits were made for each of the levelsn53 and
4. The first set used six and ten PDDF curves for then53
and 4 levels, respectively. The second set of fits used
‘‘symmetry hypothesis,’’ which posits that states within
givenn level with equaluku are produced in equal abundan
in the amorphous foil. The charge densities of these pair
states are mirror images with respect to reflection in thexy
plane. The PDDF curves of states with equaluku were fit with
a single coefficient. For then53 level, there were two such
pairs ~for uku52 and 1! and for then54 level there were
three pairs (uku53,2,1). Using the symmetry hypothesi
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FIG. 7. Spectra comparing two carbon foils of thickness 9.4 a
107 mg/cm2. Despite the order of magnitude difference in the fo
thickness, apart from an overall normalization factor, the distri
tions have similar shapes.
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there were four and six independent fit coefficients for
n53 and 4 levels, respectively. Since the center of the c
volution of the beam and detector was not known precis
a shift in the origin of the PDDF curves was used as a f
parameter. Thex2 was determined as a function of the sh
parameter taken in 0.5-mm increments.

B. Calculation of the spontaneous decay

Decays of excited H0 states due to spontaneous emiss
were explicitly calculated. In the case of the FIF experime
the distance between the foil and the beginning of the lin
rise in the Gypsy field was 0.9 m~the distance between fo
boxes was 0.6 m!, allowing significant time for decay. Th
field-free matrix elements were calculated based on the
mulas in Ref.@15#. The Stark energies as a function of fie
were calculated as described above and the transition
from all upper states to all lower states were calculated.
spontaneous emission rate out of a particular state was a
to the rate of decay due to field ionization.

Calculations showed that decays from higher-n levels into
the n54 level were negligible; only about 0.2% of th
sparsely populatedn55 level decayed spontaneously
transit from the FIF magnet to the Gypsy magnet and o
about 20% of that went to then54 level. The relative abun
dance of leveln produced in a foil is expected to fall off a
1/n3 @12# and the transition probabilities decrease with
creasingn, so that contributions from higher-n levels are
even less important. Similar calculations showed that sp
taneous decays to then53 level were also negligible. Sligh
differences in decays of states with opposite values of e
tric quantum numberk arise because states with2k are lost
via field ionization sooner than their1k counterparts, giving
the latter states more time to decay via spontaneous e
sion. States in then53 level decayed between 5% and 13
when the foil was placed in the Gypsy foil box and betwe
10% and 27% when the foil was placed in the FIF foil bo
States in then54 level decayed between 1.5% and 5% wh
the foil was placed in the Gypsy foil box, and between 3
and 11% when the foil was placed in the FIF foil box.

V. RESULTS AND ANALYSIS OF H 0
„n53… STATES

A. Carbon foil raw data and analysis

The raw spectra for foils in the range 9.4–107.2mg/cm2

are shown in Fig. 7. These spectra have been renormalize
that their integrated areas@the integral of the normalized
scintillator signal (H2•S1•S2)/(S1•S2) with respect to the
position of scanning scintillatorH2 alongx# are equal to that
of the raw spectrum of the 69.3-mg/cm2 foil, whose inte-
grated area was the largest of all the foils tested. Althou
the thicknesses differ by a factor of 11, apart from a norm
ization factor, the two spectra overlap. This tells us imme
ately that the distribution among Stark states is very simi
According to@3#, the population fraction ofn53 states was
;1% of the total beam for the 69.3-mg/cm2 foil. Spectra
from other foil thicknesses in this range were similar
shape to those shown in Fig. 7.

The relative abundance determined without using
symmetry hypothesis of the individual Stark states in
n53 level produced at the foil are shown in Fig. 8~a!. The
e
-

y,
e

n
t,
ar

r-

tes
e
ed

y

-

n-

c-

is-

n
.
n

so

h
l-
i-
r.

e
e

populations in them sublevels corresponding to the fits o
Fig. 8~a! are shown in Fig. 8~b!. The best-fit reducedx2

values were in the range 0.63–1.24~average 0.942!, indicat-
ing good fits. Thicker foils producedn53 states less effi-
ciently than the thinner foils above a thickness of 70mg/cm2

@3# and the fits for the foils of thickness greater than 1
mg/cm2 were worse in terms of thex2 than their thinner
counterparts. The similarities between the raw spectra,
flected in the fits, strongly support the conclusion that
relative abundances of the individual Stark states within
n53 level does not change substantially with foil thickne
in the thickness region tested. The fits using the symme
hypothesis gave results consistent with those of the unc
strained fits. The minimum values of reducedx2 averaged
0.962, indicating good fits. The fits differ markedly from th
statistical weighting, where each of then2 states within a
given n level is weighted equally~for each value ofmÞ0

FIG. 8. ~a! Population fractions at the foil of H0(n53) states for
various carbon foil thicknesses~shown in the legend in units o
mg/cm2!. The values stated are the populations at the foil that
clude the depletion due to spontaneous decays between the foi
the Gypsy magnet. The fits are not constrained by the ‘‘symme
hypothesis’’ in uku. The statistical weights are also shown, whe
each state withmÞ0 is weighted by 2/n2 and states withm50 are
weighted by 1/n2. ~b! Populations in them sublevel of then53
level based on the populations in~a!. Populations for statistica
weighting are also shown. A significantly higher population fracti
resides in them50 sublevel compared to a statistical distributio
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there are two states!. The m50 sublevel, while comprising
only 1

3 of the states in then53 level, accounts for roughly
50% of the total population in then53 level. ~The ob-
served distribution is close to 3:2:1, suggesting that the st
with 61 are counted as 1.!

B. Al2O3 foil raw data and analysis

Four different foil thicknesses of Al2O3 foil were tested.
The spectrum of an Al2O3 foil of thickness 540mg/cm2 pro-
duced a signal too small to analyze accurately. Of the
maining three foils, two were approximately equal in thic
ness~16168 and 16768 mg/cm2! and the thickness of the
third was 80.964.1mg/cm2. The 167-mg/cm2 foil was the
only foil used in the FIF foil box; the 80.9- and 161-mg/cm2

foils were used in the Gypsy foil box. The first comparison
between the foils of like thickness. Figure 9 shows the sp
tra of the 161- and 167-mg/cm2 foils renormalized to make
the integrated areas equal. Other differences in the spe
are due to the substantial difference in drift time before
countering the Gypsy magnet: the 167-mg/cm2 foil was
placed in the FIF foil box 0.6 m upstream of the 161-mg/cm2

foil in the Gypsy foil box. Despite these differences, t
population fractions determined from these two spectra ag
within the uncertainties. Figure 10 displays the fits to t
spectra of Al2O3 foils of thickness 81 and 161mg/cm2, both
placed in the Gypsy foil box. The areas of the two spec
were set equal to the area of the 161-mg/cm2 foil. The spectra
clearly show the similarity between the two foils.

A direct comparison between a 50-mg/cm2 carbon foil and
an 81-mg/cm2 Al2O3 foil is shown in Fig. 11. Based on th
raw spectra and the fits to the data~shown above!, it appears
that the population fractions of individual states in t
n53 level states are similar for carbon and Al2O3 foils.

VI. RESULTS OF ANALYSIS OF H 0
„n54… STATES

A. Carbon foil raw data and analysis

For equal foil thickness, the production ofn54 states is
lower relative to that of then53 states@3# by a factor of

FIG. 9. Spectra in then53 region from an Al2O3 foil placed in
the FIF foil box ~open circles! of thickness 16768 mg/cm2 and an
Al2O3 foil of thickness 16768 mg/cm2 placed 0.6 m downstream in
the Gypsy foil box~solid squares!. The dashed line through ope
circles is the FIF foil renormalized to match the area under
spectrum of the foil in the Gypsy foil box.
es
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about 0.4060.01. The raw data ofn54 states produced in
carbon foils of different thickness look similar except for
thickness-dependent normalization factor. As in the case
the n53 states, the similarities in the spectra are appare

The fitting procedure for Stark states in then54 level is
similar to that of then53 states. The fits are not as good
terms of reducedx2 as the fits from then53 states for three
reasons. First, there are ten nondegenerate states in tn
54 level, some of whose PDDF curves virtually overlap,
shown in Fig. 6~b!. Second, the FWHM of the spectra resu
ing from strippedn54 states covers only about 30 mm
which is much shorter than the 160 mm FWHM for th
n53 spectra. Third, since the overall signal strength is low
than for then53 states, then54 states have a lower signa
to-noise ratio. On the other hand, the decay due to spont
ous emission is reduced compared to that of then53 level.
Furthermore, alln54 states strip completely in the 0.6-
field of the Gypsy magnet, unlike in then53 level, where
30% of stateu3200& survives the 1.3-T field.

Fits with and without the symmetry hypothesis were sim
lar. The fit without using the symmetry hypothesis is sho
in Fig. 12~a!. The populations within the four differentm

e

FIG. 10. Population fractions in then53 level produced by two
Al2O3 foils of thickness 81 and 161mg/cm2 placed in the Gypsy foil
box without using the symmetry hypothesis.

FIG. 11. Comparison of spectra from a 50-mg/cm2 carbon foil
~solid squares! and an 81-mg/cm2 Al2O3 foil ~open circles! placed in
the Gypsy foil box. A normalization factor was applied to make t
areas under the spectra equal.
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sublevels are shown in Fig. 12~b!. As with then53 level,
states withm50 comprise a greater fraction of the popul
tion distribution than the statistical distribution.

B. Al2O3 raw data and analysis

One n54 test of an Al2O3 foil placed in the Gypsy foil
box was made. A comparison of raw data renormalized
equal areas for this Al2O3 foil and a double carbon foil is
shown in Fig. 13. The carbon foil spectrum was from
double-foil experiment in which two carbon foils of thick
ness 107 and 50mg/cm2 were placed in the same foil bo
about 2 cm apart. The Stark state distribution of the dou
foil was consistent with that of single carbon foil and co
sistent with the Al2O3 foil.

FIG. 12. ~a! Population fractions at the foil of H0(n54) states
for four different carbon foil thicknesses~shown in the legend in
units of mg/cm2!. The values stated are the populations at the
that include the depletion due to spontaneous decays betwee
foil and the Gypsy magnet. The fits are not constrained by
symmetry hypothesis inuku. The statistical weights are also show
where each state withmÞ0 is weighted by 2/n2 and states with
m50 are weighted by 1/n2. ~b! Populations in them sublevel of the
n54 level based on the populations in~a!. Populations for statisti-
cal weighting are also shown. Compared to a statistical distribut
a significantly higher population fraction resides in them50 sub-
level.
o

le

VII. FOIL-IN-THE-FIELD EXPERIMENT

A. Introduction

The purpose of the FIF experiments was to determ
how applying a motional field in the foil region affects th
population distributions of excited states produced in
Al2O3 foil. The experimental apparatus was essentially
same as for the studies just described. In these meas
ments, the 167-mg/cm2 Al2O3 foil was placed in the 0.16-T
field of the FIF magnet. This foil box was 0.6 m upstream
the Gypsy foil box. The data analysis was also essentially
same, but with the increased distance to the Gypsy ma
came an increased fraction of loss due to spontaneous de
This extra drift distance was accounted for in the calculat
of the PDDF curves. Additionally, the drift distance, a low
field region, allows for the evolution of the wave functio
that mixes states within the samen level. As discussed be
low, the state mixing causes then54 FIF field-off spectrum
to look considerably different from the spectrum obtain
with a similar foil placed in the Gypsy foil box.

B. Results for then53 level

The experimental data for the FIF on and off cases in
n53 region are shown in Fig. 14. The population distrib
tions at the foil for the field-on and field-off cases are
agreement within the uncertainties. These fits account for
spontaneous decay and for the fact that 30% of the s
u3200& that enters the Gypsy field does not field ionize. T
fact that the symmetry for the statesu3200& and u3020& is
present and that the symmetry would not be apparent if
corrections for spontaneous decay and for the partial surv
of stateu3200& were not included suggests these correctio
were quantitatively reasonable. Figure 15~a! shows the popu-
lation fractions in then53 level compared with the statisti
cal weighting. Figure 15~b! shows the population fraction
within them sublevels and the statistical weights. As seen
Fig. 8~b!, states withm50 are enhanced relative to stat
with mÞ0. We conclude that the 0.16-T peak FIF field h
no appreciable effect on then53 Stark state distribution.

il
the
e

n,

FIG. 13. Comparison of spectra produced with an 81-mg/cm2

Al2O3 foil ~open squares! and a ‘‘double’’ carbon foil consisting
50- and 107-mg/cm2 foils separated by;1 cm ~solid circles!. The
spectra were renormalized to make the areas under the curves e
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FIG. 14. Comparison between the experimental spectra ta
with the FIF magnet on~circles! and off ~squares! in the n53
region. The Gypsy magnet was set to a peak field of 1.3 T. T
error bars indicate the standard deviations for each data point.

FIG. 15. ~a! Population fractions at the foil of H0(n53) states
comparing the FIF field-off and field-on cases. The fits are
constrained by the symmetry hypothesis inuku. The statistical
weights are also shown, where each state withmÞ0 is weighted by
2/n2 and states withm50 are weighted by 1/n2. ~b! Populations in
the m sublevel of then53 level based on the populations in~a!.
Populations for statistical weighting are also shown. A significan
higher population fraction resides in them50 sublevel compared to
a statistical distribution.
C. Results for then54 level

The experimental spectrum for then54 field-off case is
shown in Fig. 16. There are marked differences in the St
state populations for the field-off and field-on spectra sho
in Fig. 17. The most striking differences in the two expe
mental spectra is revealed in the relative abundance of
parabolic stateu4300& when the field is on compared to th
field-off case. The fit coefficients corresponding to the sp
tra of Fig. 17 were adjusted for the spontaneous decay
yield the populations produced at the foil, shown in Fig. 1
When the field is imposed on the foil, the population fra
tions within threem sublevels are the same as for the fie
off case within statistical uncertainty, although the sta
u4300& doubles in population when the field is applied to t
foil. The trend of decreasing population for increasingm
persists as in then53 case.

en

e

t

y

FIG. 16. Normalized signal (H1•S1•S2)/(S1•S2) vs x ob-
tained with the Gypsy magnet set to a peak field of 0.6 T to sepa
the n54 level from those of highern. The FIF magnet was turned
off. The error bars indicate the standard deviations for each d
point. The shoulder beginning near 90 mm is due to ionization
H0 states in levelsn.4.

FIG. 17. Fits to the experimental data in then54 region com-
paring the 0.16-T field-on~open circles! and field-off ~solid
squares! cases. The dashed line is the fit when the FIF magnet
set to 0.16 T and the solid line is the fit to the data when the mag
was turned off.
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4536 PRA 58P. B. KEATING et al.
D. Comments on then55 level

The spectra in then55 region with the field on and field
off are shown in Fig. 19. As in then54 case, there are
distinct differences in the spectra depending on whethe
not the field was imposed on the foil. The experimental
paratus was unable to resolve individual Stark states of
n55 level. However, since the PDDF for the state m
resistant to field ionization,u5400&, is peaked near 25 mm
and is relatively well separated from it neighbors, it is cle
that stateu5400& is in greater abundance when the field is
than when the field is off, similar to then54 case.

E. Comparison of FIF and Gypsy foil box data

As shown in Figs. 15~a! and 10, the population fraction
for the Gypsy foil box Al2O3 foil tests and FIF field-off case
agree within error bars forn53 states. However, it appea
that then54 FIF field-off case is in disagreement with th
corresponding test when a similar foil was placed in
Gypsy foil box. Figure 20 shows the apparent discrepan
When the spectrum of an 81-mg/cm2 Al2O3 foil placed in the

FIG. 18. ~a! Population fractions at the foil of H0(n54) states
comparing the FIF field-off and field-on cases. The fits are
constrained by the symmetry hypothesis inuku. The statistical
weights are also shown, where each state withmÞ0 is weighted by
1/n2 and states withm50 are weighted by 2/n2. ~b! Populations in
the m sublevel of then54 level based on the populations in~a!.
Populations for statistical weighting are also shown. A significan
higher population fraction resides in them50 sublevel compared
with a statistical distribution for both field-on and field-off cases
or
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Gypsy foil box, which looks almost identical to the spectru
of a 161-mg/cm2 Al2O3 foil, is corrected for spontaneou
decay to determine the spectrum that would result if the
were placed at the FIF foil box, the FIF field-off case do
not agree with the ‘‘corrected’’ spectrum. The correct
spectrum does resemble the field-on case however. Num
ous cross-checks were made to ensure the data runs wer
interchanged. The fact that then54 spectra for the FIF field-

t

y

FIG. 19. Normalized signal (H1•S1•S2)/(S1•S2) vsx plotted
in the region of the stripped states of then55 level for the field-on
~solid squares! and field-off ~open circles! cases. The error bar
indicate the standard deviations for each data point. The lines
necting the data points~solid for the field-on case and dashed f
field-off case! are to aid in viewing and are not fits to the data. T
Gypsy magnet was set to a peak field of 0.27 T for both plots
separate then55 level from those of highern. The FIF magnet was
set to a peak field of 0.16 T. The shoulder beginning near 45 mm
due to ionization of H0 states in levelsn.5.

FIG. 20. Comparison between spectra of Al2O3 foils at the FIF
foil box and at the Gypsy foil box. The solid squares mark t
spectrum obtained when the 81-mg/cm2 foil was placed in the
Gypsy foil box. The dashed curve corrects for spontaneous de
between the FIF and Gypsy foil boxes and shows what the spe
would look like if the wave function were not evolving between t
FIF foil box and the Gypsy foil box. The open triangle~solid
circles! markers show the spectrum obtained when the 161-mg/cm2

foil is placed in the FIF foil box and the FIF magnet is on~off!.
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off case and the data taken at the Gypsy foil box are q
different is also reflected in the fits. The fit coefficients f
some states shown in Figs. 12~a! and 18~a! are in clear dis-
agreement, though theumu distributions are similar. The
cause of apparent discrepancy is discussed below.

VIII. QUALITATIVE DISCUSSION AND CONCLUSIONS

A. Population fractions produced
in beam-foil interactions

Two noteworthy features of the experimental results
that~i! the Stark state distribution departed significantly fro
statistical weighting for then53 and 4 levels with the rela
tive abundances ofmÞ0 being reduced relative to them
50 states and~ii ! for the n53 case, the application of th
magnetic field on the foil had little effect, but had a pr
nounced effect for then54 and 5 levels.

Qualitatively the origin of the apparent enhancement
m50 states can be understood by considering a H2 ion im-
pinging on a spherical scattering center, as shown in Fig.
The orbital angular momenta of both electrons is, to a fi
approximation, zero. Upon passing near a scattering ce
~i.e., carbon atom! the ion is relieved of one of its electron
in an interaction that may be regarded as peripheral since
wish to consider that the residual hydrogen atom emer
intact, although possibly excited. Classically we would e
pect that the residual atom should receive an impuls
torque, perpendicular to both the beam direction and the
joining the atom to the scattering center, causing an incre
in orbital angular momentum in the same direction. T
same mechanism might also be expected to arise whe
hydrogen atom from an earlier interaction is subseque
excited by a peripheral collision. Because the axis of qu
tization is perpendicular to the beam direction, states w
m50 would be expected to be more abundant. Thus them
50 enhancement may have nothing more than a geomet
origin. There are simply more ways to makem50 states.

FIG. 21. Qualitative model to explain why them50 states have
a greater chance of being produced withm50 in the interaction of
an incoming H0 atom with a single foil ‘‘atom.’’ The beam direc
tion is perpendicular to the page, which is parallel to the foil. A0

atom in an excited state collides with the foil atom. If the incomi
H0 atom is to the right or to the left of the foil atom~as shown in the
diagram!, a state with a zero component of the orbital angular m
mentum~m50 state! will result. If the H0 atom impinges from the
top or bottom, states with opposite values ofumuÞ0 will result.
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The invariance of the shape of the raw data indicates
the Stark state fractions produced in the interaction of
800-MeV H2 beam with thin foils changes appreciably ne
ther with foil thickness nor with the foil materials used
this measurement. Gulleyet al. @3# discussed the total yield
within a givenn level versus foil thickness. Here we see n
strong dependence of the Stark state fractions on foil th
ness. This conclusion holds for both then53 and 4 levels.
Moreover, a gap in the foil interaction makes no large d
ference; the double-foiln54 spectrum looked nearly identi
cal in shape to the single-foil carbon spectra.

B. Discussion of the foil-in-the-field results

The effects of the external electric field on the populati
fractions of individual Stark states in then53 and 4 levels
were investigated. The apparent discrepancy between
field-off spectra for then54, evident in the experimenta
spectra, is much less evident in then53 cases. Since the
major difference between the two experiments is the pla
ment of the foil, we suspect that the discrepancy depend
the time of flight between the foil and the Gypsy magnet a
on principal quantum numbern.

The wave function evolves during the flight time betwe
the foil and the Gypsy magnet. The Stark eigenstates~in
parabolic coordinates! are, absent fine-structure interaction
degenerate in the zero-field region between the foil and
Gypsy magnet and therefore there is no coupling betw
them. However, when the parabolic states are projected
field-free spherical states with the electron spin included,
degeneracy is broken for states of differentj. These fine-
structure states, as they drift through the field-free reg
from the production foil to the analyzing Gypsy magnet, d
velop relative phase differences and decay with different l
times, so that the distribution of parabolic states into wh
they are again projected, to be sorted out by the motio
electric field, is altered. The distribution of parabolic sta
thus depends on the distance of drift from production
analysis. Since the distribution also depends on the rela
phases of the states at the production point, which we do
determine, we cannot correct for the changes observed
ing from the substantial drift for the FIF measurements. U
derstanding of the expected differences between the distr
tions of the n53 and 4 levels would require detaile
modeling beyond the scope of the present paper. It shoul
emphasized, however, that differences in the distributions
n54 states produced with the field on and field off are s
nificant and indicate the presence of stripping propensit
dependent on the strength of the applied motional elec
field, which have not yet been explained theoretically.
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